Peroxisome proliferator-activated receptors gamma (PPAR␥) are nuclear receptors with essential roles as transcriptional regulators of glucose and lipid homeostasis. PPAR␥ are also potent anti-inflammatory receptors, a property that contributes to the neuroprotective effects of PPAR␥ agonists in experimental stroke. The mechanism of these beneficial actions, however, is not fully elucidated. Therefore, we have explored further the actions of the PPAR␥ agonist rosiglitazone in experimental stroke induced by permanent middle cerebral artery occlusion (MCAO) in rodents. Rosiglitazone induced brain 5-lipoxygenase (5-LO) expression in ischemic rat brain, concomitantly with neuroprotection. Rosiglitazone also increased cerebral lipoxin A 4 (LXA 4 ) levels and inhibited MCAO-induced production of leukotriene B4 (LTB 4 ). Furthermore, pharmacological inhibition and/or genetic deletion of 5-LO inhibited rosiglitazone-induced neuroprotection and downregulation of inflammatory gene expression, LXA 4 synthesis and PPAR␥ transcriptional activity in rodents. Finally, LXA 4 caused neuroprotection, which was partly inhibited by the PPAR␥ antagonist T0070907, and increased PPAR␥ transcriptional activity in isolated nuclei, showing for the first time that LXA 4 has PPAR␥ agonistic actions. Altogether, our data illustrate that some effects of rosiglitazone are attributable to de novo synthesis of 5-LO, able to induce a switch from the synthesis of proinflammatory LTB 4 to the synthesis of the proresolving LXA 4 . Our study suggests novel lines of study suchastheinterestoflipoxin-likeanti-inflammatorydrugsortheuseofthesemoleculesasprognosticand/ordiagnosticmarkersforpathologies in which inflammation is involved, such as stroke.
Introduction
Inflammation is intrinsically a defensive phenomenon, with participation of both proinflammatory and anti-inflammatory responses. An unbalance resulting in excessive inflammation underlies several pathologies, including stroke. In contrast, resolution of inflammation is aimed to restitution of damaged tissues, by suppressing proinflammatory gene expression and cell trafficking, and by inducing apoptosis and phagocytosis of inflammatory cells. This process is controlled by endogenous mediators which include lipid anti-inflammatory compounds; among them, there are arachidonic acid and -3 polyunsaturated fatty acid derivatives, such as cyclopentenone prostaglandins and lipoxins, and resolvins and protectins, respectively (for review, see Lawrence et al., 2002; Nathan, 2002; Serhan and Savill, 2005; Serhan, 2007) .
Some of these lipid mediators have been described to act as agonists of the peroxisome proliferator-activated receptor (PPAR)␥, a ligand-dependent nuclear transcription factor belonging to the nuclear hormone receptor superfamily, involved in the expression of genes related to metabolic processes, such as lipid and glucose homeostasis, but also responsible for important anti-inflammatory effects (rev. in Delerive et al., 2001; Willson et al., 2001; Berger and Moller, 2002; Clark, 2002) . PPAR␥ is activated by several molecules that include the anti-diabetic thiazolidinediones or glitazones (Yki-Järvinen, 2004) and endogenous mediators such as the above mentioned cyclopentenone prostaglandins (Straus and Glass, 2001) . In a recent report, we found neuroprotective effects of PPAR␥ agonists in rats exposed to middle cerebral artery occlusion (MCAO) . In this setting we also explored concomitant early transcriptional responses by using cDNA microarray analysis (Pereira et al., 2006) . A surprising finding of this study was a significant and early transcriptional induction of 5-lipoxygenase (5-LO) mRNA in those rats receiving the PPAR␥ agonist rosiglitazone. 5-LO is a nonheme, iron-containing dioxygenase that catalyzes the oxygenation of arachidonic acid to 5-HPETE (5( S)-hydroperoxy-6-trans-8,11,14 -9-eicosatetraenoic acid) and the subsequent dehydration to the unstable epoxide intermediate, leukotriene A 4 , the initial step in the biosynthesis of the proinflammatory leukotrienes (for reveiw, see Rådmark and Samuelsson, 2005) . 5-LO is also involved in the biosynthesis of the antiinflammatory, proresolving mediators lipoxins, such as lipoxin A 4 (LXA 4 ) (for review, see Chiang et al., 2005; Serhan, 2007) . Therefore, 5-LO might theoretically exert both proinflammatory and anti-inflammatory actions, depending on the final product of its enzymatic activity.
Considering these pieces of evidence, we performed this study to elucidate the role of 5-LO in the neuroprotective effects of rosiglitazone in experimental stroke induced by MCAO, and the participation of LXA 4 in this setting.
Materials and Methods
Materials. Rosiglitazone was from Alexis, LXA 4 was from Calbiochem, and T0070907 was from Cayman Chemical. Other reagents were obtained from Sigma or as indicated in the text.
Animals. Adult male Fischer rats weighing ϳ250 g were used in this study. In addition, WT controls (B6;129SF2/J) and 5-LO-deficient mice (B6;129S2-Alox5 tm1Fun /J; 5-LO Ϫ/Ϫ ) of 8 wks were obtained from The Jackson Laboratory. All experimental protocols adhered to the guidelines of the Animal Welfare Committee of the Universidad Complutense (following EU directives 86/609/CEE and 2003/65/CE). Animals were housed individually under standard conditions of temperature and humidity and a 12 h light/dark cycle (lights on at 8:00 A.M.) with free access to food and water.
MCAO. All experiments were performed and quantified in a randomized manner by investigators blinded to treatment groups. Rats/mice were anesthetized with isoflurane 1.5-2% in a mixture of 70% nitrogen/ 30% oxygen, and body temperature was maintained at physiological levels with a heating pad during the surgical procedure and anesthesia recovery. Permanent occlusion of the middle cerebral artery was conducted as previously described for rats (De Cristó bal et al., 201) or mice (Caso et al., 2007) . Rats/mice in which the MCA was exposed but not occluded served as sham-operated controls. After surgery, individual animals were returned to their cages with free access to water and food.
Experimental groups. Several groups were used for determinations of infarct size and neurological assessment in rats: MCAO followed 10 min later by an intraperitoneal administration of vehicle (saline; n ϭ 15) or 1 mg/kg rosiglitazone (n ϭ 15), or 3 h later by an intraperitoneal administration of 1-5 mg/kg BWA4C (n ϭ 9), or 10 min and 3 h after by an intraperitoneal administration of, respectively, rosiglitazone (1 mg/kg) and BWA4C (1-5 mg/kg; n ϭ 9). Higher doses of BWA4C (10 mg/kg) caused a high mortality rate (Ͼ50%) and were not included in the study. A control group consisted of sham-operated animals 10 min before an intraperitoneal injection of saline (n ϭ 6). For some experiments, the PPAR␥ antagonist T0070907 (2 mg/kg) was administered 1 h before MCAO (n ϭ 9). Rosiglitazone is a member of the thiazolidinedione class of compounds used for its antidiabetic properties that has shown a high selectivity for PPAR␥ with a K d of 40 nM. BWA4C is an acetohydroxamic acid which is a potent and selective arachidonate 5-lipoxygenase inhibitor (Darley-Usmar et al., 1989) , with IC 50 in the range of 0.1-0.5 M. Injection volume was Ͻ0.4 ml/250 g body weight in all cases. For these experiments, animals were killed 5 h to 7 d after surgery and samples were collected as described below.
In a different set of experiments, some rats received an intracerebroventricular administration of LXA 4 (5S,6 R, 15S-trihydroxy-7,9,13-trans-11-cis-eicosatetraenoic acid) after MCAO as described (Cárdenas et al., 2002; Caso et al., 2006; Pradillo et al., 2006) . Injection consisted of 1 nmol (5 l of 0.2 mM) LXA 4 (n ϭ 6) or 5 l of 20% DMSO in phosphate buffer as control (n ϭ 6). A subgroup of LXA 4 -treated animals also received an intracerebroventricular administration of the PPAR␥ antagonist T0070907 (10nmol, 5 l of a 2 mM solution, n ϭ 6) (Lee et al., 2002) before the LXA 4 injection. Briefly, under anesthesia with 2% isoflurane in a mixture of 70% nitrogen/30% oxygen, an intracerebroventricular 28-gauge cannula (Alzet) was inserted into the left lateral ventricle by using a stereotaxic apparatus (David Kopf Instruments). The coordinates were as follows: anteroposterior, Ϫ0.8 mm; lateral, 1.0 mm; dorsoventral, 3.6 mm from the bregma, with the incisor bar placed at 3.3 mm below the interaural plane. Cannulas were anchored to the skull using a cyanoacrylate gel (Loctite 454, Alzet). The administration was performed immediately after the MCAO.
An additional set of experiments was designed for determination of infarct size and neurological assessment in 5-LO Ϫ/Ϫ mice (n ϭ 6) and their wild-type littermates (n ϭ 6) exposed to MCAO with or without an administration of 3 mg/kg rosiglitazone 10 min after the occlusion.
Experimental groups for molecular determinations were used as indicated in the text.
Animals were killed by an overdose of sodium pentobarbital for the different studies. For determination of biochemical parameters, ipsilateral cortical tissue from the peri-infarct territory was dissected. Physiological parameters (cerebral blood flow, rectal temperature, mean arterial pressure, blood glucose levels) were not significantly different between all studied groups (data not shown). No spontaneous mortality was found after MCAO with this model, and this was unaffected by the different experimental treatments, with the exception of BWA4C at 10 mg/kg.
Neurological deficit evaluation. Before kill, 48 h after surgical procedure, neurological deficit was assessed by two independent observers, blinded to animal pharmacological treatment, using a motor behavioral test for rats (Hunter et al., 2000) as follows: score 0, no neurological deficit; score 1, failure to extend right forepaw fully; score 2, decreased grip of right forelimb while tail was pulled; score 3, spontaneous circling or walking to contralateral side; score 4, walks only when stimulated with depressed level of consciousness; score 5, unresponsive to stimulation. For mice, evaluation was performed with the grip test, in which mice are placed on a suspended wire, and latency to fall is measured (Sinz et al., 1999) or with the focal deficit test, in which seven areas are assessed and animals can be rated from 0 to 4 depending on the severity (Clark et al., 1997) .
Determination of infarct size. Two and seven d after MCAO, animals were killed by an overdose of sodium pentobarbital to assess infarct outcome. Brain was removed and cut into 1 mm (mice) or 2 mm (rats) thick coronal slices and stained with 2,3,5-triphenyltetrazolium chloride (1% TTC in 0,1 phosphate buffer). Infarct volumes were calculated sampling each side of the coronal sections with a digital camera (Nikon Coolpix 990), and the images were analyzed using ImageJ 1.33u (National Institutes of Health, Bethesda, MD).
To exclude the brain edema effects, infarct area was corrected by the ratio of the entire area of the ipsilateral hemisphere to that of the contralateral. Infarct volume was calculated as an orthogonal projection.
Western blotting. For determination of protein levels of 5-LO and inflammatory mediators, brain tissue was collected from the peri-infarct area of rats (n ϭ 6 for each group) killed 18 h after MCAO. Protein concentration was determined with the BCA Protein Assay (from Pierce). Equal amounts of total protein (30 g) were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Immunodetection was performed by standard procedures. The membranes were blocked with 5% nonfat milk in TBS-T (0.05% Tween 20 in TBS) and probed with mouse anti-5-LO antibody (1:250; BD Bioscience), rabbit anti-TNF␣ antibody (1:250; Peprotech), rabbit anti-MMP-9 (1:2000; Millipore Bioscience Research Reagents), rabbit anti-NOS2 (1:100; Santa Cruz Biotechnology) and goat anti-COX-2 (1:200; Santa Cruz Biotechnology). Mouse anti-␤-actin (1:10000; Sigma) was included to ensure equal protein loading. Immunoreactive bands were visualized using the corresponding horseradish peroxidase-conjugated IgG (Santa Cruz Biotechnology) and subsequent enhanced chemiluminescence detection (PerkinElmer Life and Analytical Sciences). Specific signals were quantified using densitometry analysis software (NIH Image).
Immunohistochemistry. Eighteen hours after MCAO, rats (n ϭ 3 for each group) were anesthetized with sodium pentobarbital and infused through the left ventricle with phosphate buffer as a vascular rinse followed by a fixing solution containing 4% p-formaldehyde in phosphate buffer. The brains were removed and fixed for 4 h in the same solution of p-formaldehyde at room temperature. Cryoprotection was afforded by incubating the brain in a solution containing 30% sucrose for 72 h. Brains were frozen and serials of 40 m thick coronal sections were cut with a sliding microtome (Leica SM2000R) and mounted on glass slides. Identification of the infarcted tissue in the neocortex was performed by Nissl [0.2% (w/v) cresyl violet] staining of slide-mounted coronal sections. Adjacent sections were then processed for immunohistochemistry.
Briefly, sections were preincubated with 0.3% Triton X-100 and with 10% normal goat serum in PBS for 2 h at room temperature. After this time, sections were incubated at 4°C overnight with rabbit polyclonal antibody against 5-LO (1:100; Cayman Chemical) and with mouse monoclonal antibody against neuronal nuclei (NeuN Millipore Bioscience Research Reagents, 1:100), glial fibrillary acidic protein (GFAP) (Millipore Bioscience Research Reagents International; 1:1000) or OX-42 (AbD Serotec; 1:100) as the primary antibodies. Detection with secondary antibodies was performed using anti-rabbit Alexa Fluor 488 and anti-mouse Cy3TM (1:200; Invitrogen). After washing, sections were counterstained for 15 min at room temperature with 2 mM TO-PRO 3 iodide (Invitrogen Labeling and Detection) before mounting. All the immunohistochemical sections were processed together. Controls performed in parallel without primary antibodies showed very low levels of nonspecific staining. Image acquisition was performed with a laserscanning confocal imaging system (Leica TCS SP2, and Zeiss LSM710).
Quantitative RT-PCR. Total RNA was extracted from peri-infarct areas of rat brains collected 5 h after MCAO (n ϭ 6 for each group) using TRIzol reagent (Invitrogen). RNA quantity was determined spectrophotometrically and the purity was confirmed by the relative absorbance at 260 nm versus 280 nm. 1 g of RNA was reverse-transcribed with iScript cDNA Synthesis kit (Bio-Rad). Quantitative real-time PCR was performed using a Bio-Rad iQ5 Thermocycler with triplicate samples. The mRNA expression was normalized to actin and hprt1 gene expression and reported as the fold difference relative to the sham group. For lipoxygenases, denaturation at 94°C for 3 min was followed by 35 cycles of 94°C for 30 s, 57°C for 45 s, and 72°C for 45 s. For inflammatory genes, denaturation at 95°C for 2 min was followed by 40 cycles of 94°C for 10 s; 60°C for 15 s; 72°C for 20 s. Melt curve analysis was included to assure a single PCR product was formed. Specific primers for rat genes were designed using Primer Express software (Applied Biosystems) and are as follows: 5-LO (forward 5Ј-GTGTCTGAGGTGTTCGGTA; reverse 5Ј-AGTGTTGATGGCAATGGT), 12-LO (forward 5Ј-GGGCCACTG-CAGTTCGTGA; reverse 5Ј-CGGCCTCTGCGCTCATC), 15-LO (forward 5Ј-CCGGAGACTCCAAGTACGC; reverse 5Ј-CGTAGCAGC-TTCCCGAGAG), iNOS (forward 5Ј-AACCCAAGGTCTACGTTCAAG; reverse 5Ј-AAAGTGGTAGCCACATCCCG), TNF␣ (forward 5Ј-GAC-CCTCACACTCAGATCATCTTCT; reverse 5Ј-TGCTACGACGT-GGGCTACG); MMP9 (forward 5Ј-GTGCCCTGGAACTCACACAAC; reverse 5Ј-CCAGAAGTATTTGTCATGGCAGAA); COX-2 (forward 5Ј-GCATTCTTTGCCCAGCACTTCACT; reverse 5Ј-TTTAA GTC-CACTCCATGGCCCAGT); HPRT1 (forward 5Ј-CAAAGCCTAAAA-GACAGCGG; reverse 5Ј-ATGGCCACAGGACTAGAACG); actin (forward 5Ј-TGAGCGCAAGTACTCTGTGT-GGAT; reverse 5Ј-TAGAAGCATTTGCGGT-GCACGATG).
Nuclear extracts. Brain tissue from rats (n ϭ 6) was collected from peri-infarct areas 18 h after MCAO. Nuclear extracts were prepared crushing tissue in 10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, and 0.5% Nonidet P-40. Nuclei were pelleted at 12,000 g for 1 min at 4°C and lyzed in 20 mM HEPES, pH 7.9, 15 mM MgCl 2 , 420 mM NaCl and 0.2 mM EDTA. After centrifugation (12,000 g for 5 min at 4°C), the pellet was discarded.
PPAR␥ transcriptional activity assay. Late PPAR␥ activity was assessed in nuclei obtained from brains 18 h after MCAO or sham procedure using PPAR␥ Transcription Factor Assay kit (Cayman Chemical): briefly, nuclear extracts were incubated in a PPRE probe coated multiwell plate, and PPAR bound to PPRE probe was detected using a specific antibody against the ␥ isoform. Horseradish peroxidase-labeled secondary antibody was used and detected by spectrophotometry.
An assay to test the direct PPAR␥ activity was performed incubating isolated nuclei with LXA 4 or rosiglitazone and subsequent determination of PPAR␥ transcriptional activity using the commercial kit described above. Briefly, rat brain isolated nuclei (final concentration: 10 mg/ml protein) were incubated for 15 min at 37°C in buffer C (20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 10 mM NaCl, 1 M DTT, 0.5 M NaF, 10 M NaVO 4 , 10 M NaMoO 4 , 40 ng/ml leupeptin, 40 ng/ml TLCK, 4 ng/ml aprotinin, 1.25 M PMSF, pH 8; final volume 30 l) in the absence or presence of LXA 4 (1-10 nM) or rosiglitazone (1-10 nM).
Determination of leukotriene A 4 and LXA 4 levels. Quantitative analysis of leukotriene A 4 (LTB 4 ) and LXA 4 levels in cerebral cortex dissected from the MCA territory 18 h after the occlusion was performed by ELISA (EA 35 Leukotriene B4 and EA 45 Lipoxin A 4 assay kits, Oxford Biomedical Research). Samples were previously purified using C 18 octadecyl mini-columns (AmprepTM Mini-Columns, GE Healthcare BioSciences), and AcO 2 Et-eluted LXA 4 containing samples were dried out using N 2 stream and redissolved in assay buffer.
Gene microarray analysis. Five hours after MCAO, ipsilateral cortices from rats (n ϭ 6) were used immediately for total RNA extraction with the TRIzol Reagent (Invitrogen). The RNA was then cleaned (RNeasy Mini Kit, Qiagen) and analyzed in a 2100 Bioanalyzer following the instructions of the manufacturer of the array (Affymetrix). Fragmentation of biotin-labeled complementary RNA (cRNA) was performed at 94°C using 40 mM Tris-acetate, pH 8.1; 100 mM KOAc, and 30 mM MgOAc. Samples were hybridized to Affymetrix GeneChip Test3 Array and then to Affymetrix GeneChip Rat expression probe array 230A. The data were analyzed with the GeneChip Analysis Suite software.
Statistical analysis. Results are expressed as mean Ϯ SEM of the indicated number of experiments; statistical analysis involved one-way ANOVA (or the Kruskal-Wallis test when the data were not normally distributed) followed by individual comparisons of means (StudentNewman-Keuls, or DunnЈs method when the data were not normally distributed). p Ͻ 0.05 was considered statistically significant.
Results
The PPAR␥ agonist rosiglitazone increases 5-LO expression in the ischemic rat brain At the time studied, 5-LO protein (Fig. 1 A) (18 h after MCAO) and mRNA (Fig. 1 B) (5 h after MCAO) expression in rat brain homogenates was not significantly altered in rats after MCAO. Treatment with rosiglitazone (1 mg/kg, administered 10 min after the surgery) induced an increase in 5-LO mRNA and protein expression in the ischemic brain (Fig. 1 A, B) . No effect of rosigli- tazone in 5-LO expression was detected in sham brain, possibly because of the inability of this compound to cross the unaltered blood-brain barrier. The effect of rosiglitazone on 5-LO protein expression was inhibited by prior administration of the PPAR␥ antagonist T0070907 (2 mg/kg) (Fig. 1 A) . These effects were in agreement with the results obtained by cDNA microarray analysis (Pereira et al., 2006) , showing that 5-lipoxygenase and not other lipoxygenases (Table 1 , Fig. 1 B) , is upregulated 5 h after rosiglitazone administration in MCAO-exposed rat brain.
To analyze the type of cells responsible for the increased 5-LO expression after rosiglitazone treatment in ischemia, we used double immunofluorescence staining in equivalent sections of the infarct border of neocortex corresponding to III-V layers (Fig. 2) , for the different experimental groups and for each cell type. Sham animals showed some 5-LO immunoreactivity in neurons with a rounded appearance in the ipsilateral cortex (Fig.  2 A) , which did not significantly change after rosiglitazone administration (Fig. 2 B) . When compared with brain tissue of MCAO-exposed animals, treatment with rosiglitazone increased 5-LO expression mainly in neurons located in the infarct border (NeuN-positive, Fig. 2C-D) . In agreement with the neuroprotective effect of rosiglitazone, we observed a more extensive transition area between core and healthy tissue in the ipsilateral neocortex of rats treated with rosiglitazone than in the untreated ischemic group; in this area, neurons were found with a triangular morphology and showing an increased expression of 5-LO (Fig. 2 D) .
In cortical areas of infarct border with high density of astrocytes and microglia (GFAP and OX42-positive cells, respectively) ( Fig. 2 E-H ) , the expression of 5-LO was not detected in these glial cells, regardless of the treatment. Interestingly, in some ischemic areas such as the one showing reactive astrocytes, we observed a high expression of 5-LO after rosiglitazone treatment in cells which presented a rounded morphology and reduced size of cell bodies and processes (Fig. 2 F) . Staining of cellular markers of reactive astrocytes and microglia was not evident in sham animals.
Inhibition of 5-LO reverses rosiglitazone-induced neuroprotection and PPAR␥ activation after MCAO in rat brain
Administration of rosiglitazone 10 min after the ischemic onset decreased both MCAO-induced infarct volume (Fig. 3 A, B) and neurological deficit (neurological scores: 2.83 Ϯ 0.18 vs 1.66 Ϯ 0.37 in MCAO and MCAOϩRSG respectively, p Ͻ 0.05, n ϭ 9) when measured 48 h after MCAO in rats. Reduction in infarct 
(B). Double immunofluorescence of 5-LO (green) and cellular markers (red) for astrocytes (GFAP) and microglia (OX-42) in infarct borders of brain sections of ischemic, untreated (MCAO) (E, G), and ischemic, rosiglitazone-treated (MCAOϩRSG) rats (F, H ). TO-PRO-3 was used to stain the cell nuclei (blue).
volume was still observed 7 d after MCAO (126 Ϯ 5 vs 78 Ϯ 3 mm 3 in MCAO and MCAOϩRSG, respectively, n ϭ 6, p Ͻ 0.05). To explore the role of 5-LO in this setting, we used the selective 5-LO inhibitor BWA4C. Its administration (BWA4C; 1-5 mg/ kg) 3 h after MCAO dose-dependently reversed rosiglitazoneinduced decrease in both infarct volume (Fig. 3 A, B) and neurological deficit (neurological scores: 1.66 Ϯ 0.37 vs 2.00 Ϯ 0.40 and 2.16 Ϯ 0.33 in MCAOϩRSG, MCAOϩRSGϩBWA4C 1 mg/kg and MCAOϩRSGϩBWA4C 5 mg/kg, respectively, p Ͻ 0.05 vs MCAOϩRSG, n ϭ 9), strongly suggesting that 5-LO is involved in rosiglitazone-induced neuroprotective effect. In the absence of rosiglitazone, the administration of the 5-LO inhibitor BWA4C did not affect (1 mg/kg) or even decreased (5 mg/kg) infarct volume caused by MCAO (Fig. 3 A, B) .
Administration of rosiglitazone was associated with PPAR␥ activation as shown by an increase in its transcriptional activity in nuclear extracts obtained from brain cortex 18 h after the onset of the ischemic injury (Fig. 3C) . The MCAO procedure per se did not affect PPAR␥ transcriptional activity when compared with control animals. Interestingly, at this time point, rosiglitazoneinduced PPAR␥ activation was dose-dependently inhibited by the 5-LO inhibitor BWA4C (Fig. 3C) , suggesting the implication of 5-LO products in the effects of rosiglitazone. Rosiglitazone failed to increase PPAR␥ transcriptional activity in sham rat brain, in agreement with its lack of effect on 5-LO expression, again indicating its inability to cross the blood-brain barrier in control, nonischemic animals.
Inhibition of 5-LO reverses rosiglitazone-induced downregulation of the expression of inflammatory genes after ischemia
Next, we analyzed the expression of proinflammatory markers in brain homogenates from peri-infarct tissue of MCAO-injured rats. Acute expression of inflammatory mediators, such as iNOS, COX-2, MMP9 and TNF-␣ participates in brain damage after stroke (for review, see del Zoppo et al., 2000) . Administration of rosiglitazone inhibited the expression of COX-2, iNOS, and mature forms of TNF-␣ and MMP9 (Fig. 4 A, B) . More interesting, the 5-LO inhibitor BWA4C (5 mg/kg) reversed rosiglitazone-induced inhibition of the gene expression of COX-2, iNOS and TNF-␣ (Fig. 4 A, B) . For MMP9, reversal of expression was observed only at the mRNA level, possibly because of the times selected for protein expression studies (Fig. 4 A) .
Deletion of 5-LO gene decreases rosiglitazone-induced neuroprotection and PPAR␥ activation after MCAO in mouse brain
To confirm the obligatory role of 5-LO in the effects of rosiglitazone, we performed loss of function experiments using 5-LO Ϫ/Ϫ mice and their wild-type littermates. Infarct outcome was not significantly affected in 5-LO Ϫ/Ϫ mice when compared with wild-type mice (Fig. 5A-D) . However, the effect of rosiglitazone on infarct size and neurological outcome was markedly decreased or abolished, respectively, in 5-LO Ϫ/Ϫ animals ( Fig. 5A-D) . Administration of rosiglitazone 10 min after MCAO induced PPAR␥ activation in wild-type mouse brain as shown by an increase in its transcriptional activity measured in nuclear extracts obtained from brain cortex 18 h after the onset of the ischemic injury (Fig. 5E) . However, this effect was absent in mouse lacking the 5-LO gene (Fig. 5E) .
Levels of the 5-LO metabolites LTB 4 and LXA 4 in rat brain cortex
As different by-products of lipoxygenase activity, LTB 4 and LXA 4 levels were measured in rat brain cortical homogenates 18 h after ischemia, a time at which 5-LO is over-expressed in rosiglitazonetreated animals. Exposure to MCAO induced an increase in rat brain LTB 4 levels, which was inhibited in animals treated with rosiglitazone or with the 5-LO inhibitor BWA4C (1-5 mg/kg) (Fig. 6 A) .
Whereas ischemic animals showed no difference in LXA 4 levels when compared with control animals (Fig. 6 B) , treatment with rosiglitazone after MCAO induced the synthesis of LXA 4 , an effect prevented by the 5-LO inhibitor BWA4C (Fig. 6 B) .
Effect of LXA 4 on infarct outcome after MCAO: effect of the PPAR␥ antagonist T0070907
To clarify the role of LXA 4 in the actions of rosiglitazone, we studied the direct effects of LXA 4 on MCAO outcome. Intracerebroventricular administration of LXA 4 (1 nmol) caused a decrease in both infarct volume (Fig. 5 A, B) and neurological deficit (scores: 2.68 Ϯ 0.38 vs 2.00 Ϯ 0.00 in MCAO and MCAOϩLXA 4 , respectively, n ϭ 6, p Ͻ 0.05) after MCAO. Interestingly, the PPAR␥ antagonist T0070907 (10 nmol) inhibited the neuroprotective effect of LXA 4 on infarct volume (Fig. 7 A, B) and neurological deficit (scores: 2.68 Ϯ 0.40 in MCAOϩLXA 4 ϩT0070907, n ϭ 6, p Ͻ 0.05 vs MCAOϩLXA 4 ), suggesting that at least some of the actions of this lipid are PPAR␥-dependent. T0070907 did not affect per se either infarct volume (Fig. 7 A, B) or neurological deficit (score: 3.00 Ϯ 0.00 in MCAOϩT0070907; n ϭ 6; p Ͼ 0.05 vs MCAO).
Effect of LXA 4 on PPAR␥ transcriptional activity in isolated nuclei from rat brain cortex
To explore further the possible actions of LXA 4 as direct PPAR␥ activator, isolated nuclei from rat cerebral cortex were incubated with LXA 4 (1-10 nM) or rosiglitazone (1-10 nM) for 30 min. Both molecules directly induced an increase in PPAR␥ transcriptional activity (Fig. 8) .
Discussion
We have explored the role of the enzyme 5-LO in the actions of the PPAR␥ agonist rosiglitazone in cerebral ischemia. Our results show that 1) rosiglitazone-induced 5-LO expression and subsequent lipoxin synthesis mediate most of the neuroprotective effects of rosiglitazone in experimental stroke as well as its late PPAR␥ agonistic effect and 2) that LXA 4 is neuroprotective by acting, at least partly, as a PPAR␥ agonist. Several groups have previously reported that PPAR␥ agonists are neuroprotective in brain ischemia (Pereira et al., 2005 (Pereira et al., , 2006 Tureyen et al., 2007) , due mainly to anti-inflammatory and anti-oxidant mechanisms; anti-excitotoxic actions could also be involved, either at the presynaptic level (Romera et al., 2007) or postsynaptically (X. . Intriguingly, using cDNA microarray analysis, we found a robust expression of 5-LO mRNA after rosiglitazone administration, concomitant to neuroprotection (Pereira et al., 2006) . Therefore, we have now sought to confirm this expression and to elucidate its role in rosiglitazone-induced neuroprotection in cerebral ischemic damage.
We have thus found that rosiglitazone increases the expression of both 5-LO mRNA and protein in rat brain after MCAO, at doses that induce neuroprotection, and that this effect is caused by PPAR␥ activation, because it is inhibited by the selective PPAR␥ antagonist T0070907, thus suggesting that 5-LO is a PPAR␥ target gene. Double immunostaining studies confirmed the increased expression of 5-LO after rosiglitazone administration at the infarct border of the ischemic hemisphere, and showed 5-LO immunoreactivity located in neurons, in agreement with previous studies in rat brain (Uz et al., 1998) . The staining was not detected in astrocytes and microglia in this experimental setting. Interestingly, 5-LO upregulation was not evident in brains of sham rats treated with rosiglitazone. This might be attributable to the poor access of rosiglitazone through the intact blood- brain barrier described in healthy rodents (Pedersen et al., 2006) , although this must not be the case when this barrier is disrupted, as in ischemia. To our knowledge, our study is the first evidence of the upregulation of 5-LO by a PPAR␥ agonist.
To ascertain the role of rosiglitazone-induced 5-LO upregulation, we tested the effect of a selective 5-LO inhibitor, BWA4C, on rosiglitazone-induced amelioration of infarct outcome in rats. First, this compound, depending on the dose, decreased or did not affect infarct volume on its own, suggesting a weak deleterious role of 5-LO in brain ischemia, in agreement with previous reports (Minamisawa et al., 1988; Mabe et al., 1990; Baskaya et al., 1996; Ciceri et al., 2001; Kitagawa et al., 2004; Jatana et al., 2006) . Second, after administration of rosiglitazone, BWA4C inhibited the neuroprotective effect of this glitazone on infarct outcome. These findings strongly suggest that the upregulation of 5-LO induced by rosiglitazone is beneficial and mediates the neuroprotective effect of rosiglitazone after MCAO. Anti-inflammatory mechanisms have been demonstrated to mediate the neuroprotective effects of PPAR␥ agonists (Pereira et al., 2005 (Pereira et al., , 2006 Sundararajan et al., 2005; Zhao et al., 2005; Collino et al., 2006; Luo et al., 2006; Zhao Y et al., 2006; Tureyen et al., 2007) . Our present data confirm this mechanism of rosiglitazone, as shown by the inhibition of the expression of inflammatory genes with a deleterious role in cerebral ischemia, namely, COX-2, iNOS, MMP9 and TNF-␣. Of note, the 5-LO inhibitor BWA4C reversed this effect of rosiglitazone, at both mRNA and protein levels, thus indicating that inhibition of inflammatory gene expression is a mechanism involved in the neuroprotective actions of 5-LO induction by rosiglitazone.
To demonstrate further this action of 5-LO after rosiglitazone administration, we performed loss of function studies using 5-LO knock-out mice. First, these experiments confirm in mice the neuroprotective effect of rosiglitazone found in rats. More important, in 5-LO knock-out mice, rosiglitazone induced a decrease in infarct volume of much lesser extent than in wild-type animals, and failed to improve neurological scores. These impor- tant results demonstrate the obligatory role of 5-LO in rosiglitazone-induced neuroprotection in experimental stroke. We previously showed that brain PPAR␥ activation could be detected at early (2 h) and late times (18 h) after rosiglitazone administration (Pereira et al., 2006) . Important additional mechanistical evidence which highlights the significance of 5-LO in rosiglitazone effects refers to the results showing that rosiglitazone-induced PPAR␥ activation found 18 h after drug administration is inhibited by the 5-LO inhibitor BWA4C, thus indicating that the late PPAR␥ activation by rosiglitazone depends on 5-LO activity. This suggests that the effects of rosiglitazone on PPAR␥ are partly indirect and mediated through 5-LO. Our finding showing that rosiglitazone fails to activate PPAR␥ in brains of 5-LO knock-out mice when assayed 18 h after the administration confirms this hypothesis. All these data indicate that 5-LO by-products are involved in rosiglitazone-induced activation of PPAR␥.
The fact that 5-LO participates in the endogenous synthesis not only of proinflammatory mediators such as leukotrienes but also of anti-inflammatory compounds such as lipoxins (Serhan et al., 1984; Ueda et al., 1987; Serhan et al., 1987; Edenius et al., 1990; Ho and Wong, 1990; Serhan and Sheppard, 1990; Levy et al., 1993 ) (for review, see Nathan, 2002; Chiang et al., 2005; Serhan and Savill, 2005; Serhan, 2007) may explain the neuroprotective effect of this enzyme. Therefore, we investigated the endogenous brain levels of these mediators, specifically, the proinflammatory LTB 4 and the anti-inflammatory lipoxin LXA 4 , in this setting. Whereas MCAO induced an increase in brain LTB 4 and did not affect lipoxin synthesis, treatment with rosiglitazone after MCAO increased LXA 4 levels and concomitantly blocked MCAOinduced LTB 4 increase. Rosiglitazone-induced increase in LXA 4 was prevented by coadministration of the 5-LO inhibitor BWA4C, confirming that 5-LO accounts for the synthesis of this proresolving mediator in this scenario. The switch from arachidonic acid-derived proinflammatory leukotrienes toward the production of proresolving lipoxins has been described as a major feature of resolution, the expected outcome of an inflammatory response that allows the tissues to return to homeostasis (rev. in Gilroy et al., 2004; Serhan, 2007) . Therefore, our present results suggest that rosiglitazone acts by promoting resolution in the ischemic brain through endogenous 5-LO-dependent LXA 4 synthesis. Interestingly, earlier reports showed that other drugs such as aspirin mediate some of their anti-inflammatory actions by the production of endogenous aspirin-triggered lipoxins, mainly 15-epi-LXA 4 (Clària and Serhan, 1995) . Now it remains to explore whether rosiglitazone may stimulate the production of other anti-inflammatory mediators, such as resolvins and protectins.
To our knowledge, there are no previous reports on the role of lipoxins in stroke. Interestingly, we found that intracerebroventricular administration of LXA 4 is neuroprotective, as shown by a decrease in both infarct volume and neurological deficit after MCAO. In addition, this neuroprotective effect was partly inhibited by the PPAR␥ antagonist T0070907, suggesting for the first time that LXA 4 is a PPAR␥ agonist. These results agree with our data showing that PPAR␥ activation found 18 h after rosiglitazone administration was abolished by 5-LO inhibition. To confirm the PPAR␥ agonistic properties of LXA 4 , we assayed PPAR␥ activity after adding LXA 4 directly to isolated rat brain nuclei, to exclude effects from other signaling mechanisms. Our results show that LXA 4 directly activates PPAR␥, thus indicating that its synthesis from 5-LO accounts for, at least part, of the PPAR␥-dependent, anti-inflammatory and neuroprotective effects of rosiglitazone. Several mechanisms have been reported to explain the anti-inflammatory actions of LXA 4 , such as its binding to a 7TM receptor termed LXA 4 receptor (ALXR, activated in the nM range) (Fiore et al., 1994 ) (for review, see Chiang et al., 2006) as well as to the aryl hydrocarbon receptor (AhR) (which requires M range for activation) (Schaldach et al., 1999 ) (for review, see Migeotte et al., 2006) . On binding, these receptors have been described to initiate several signaling pathways which include inhibition of NF-B and AP-1 (Jó zsef et al., 2002) , increased expression of suppressor of cytokine signaling (SOCS)-2 (Machado et al., 2006) , inhibition of ERK and JNK (Svensson et al., 2007) and induction of proteasomal degradation of TRAF6 (Machado et al., 2008) . Now our work supports the view that, additionally, LXA 4 exerts anti-inflammatory effects by activating PPAR␥ receptors. To our knowledge, this is the first evidence of the PPAR␥ agonistic action of LXA 4 .
The biosynthesis of lipoxins has been described to involve several possible routes which often include more than one lipoxygenase (Serhan and Sheppard, 1990; Levy et al., 1993 ) (for review, see Serhan, 1997 ). Although we cannot discard the implication of other lipoxygenases in lipoxin synthesis in our setting, our data using a cDNA microarray analysis and quantitative RT-PCR indicate that 5-LO is the only lipoxygenase affected by rosiglitazone at the expressional level in our model.
In summary, our data show for the first time the obligatory role of 5-LO in rosiglitazone-induced PPAR␥ activation and neuroprotection, through the biosynthesis of the anti-inflammatory mediator LXA 4 . Our findings also show that LXA 4 acts as a PPAR␥ activator (Fig. 9) . Because the safety of thiazolidinediones is uncertain, our study highlights the importance of the development of novel, lipoxin-like anti-inflammatory drugs, and opens lines of study such as the elucidation of the role of lipoxins as prognostic and/or diagnostic markers of pathologies with inflammatory substrate, such as stroke. 
